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Abstract 
The engineering ceramic grinding process with an electroplated diamond wheel is significantly influenced by the detrimental effect of the grain 
dislodgement which causes surface roughness degradation and tool life decrease. Therefore, the thickness of the electroplated bond layer must 
be large enough to provide sufficient micro-bonding force to overcome the single grain micro-cutting force during grinding. However, large 
electroplated bond layer thickness hampers the protrusion condition of the grains, and causes insufficient active grains. The conventional ‘trial 
and error’ method based on heuristic knowledge currently appears to be the only way in developing electroplated diamond wheels. The 
difficulty of a deterministic wheel design lies in the lack of an integrated model to predict micro-bonding force and the protrusion conditions of 
all diamond grains on the wheel surface for given a grain size, dimensional distribution, and bond layer thickness. In this paper, the digital 
grinding wheel model is developed for single layer electroplated diamond wheels by simulating each wheel fabrication procedure numerically. 
The model provides a 3D view of the wheel surface condition and micro-bonding force, protrusion information in correlation with the wheel 
design parameters, e.g. grain size, dimensional distribution and bond layer thickness. Based on the analysis of the micro-cutting force on a
single grain during grinding, the optimal electroplated bond layer thickness can be determined. Finally, a grinding experiment for an alumina 
engineering ceramic is carried out to verify the efficacy of the model in the development of dislodgement free diamond wheels. 
© 2015 The Authors. Published by Elsevier B.V. 
Peer-review under responsibility of The International Scientific Committee of the “15th Conference on Modelling of Machining Operations”. 
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1. Introduction 
Engineering ceramics such as alumina, silicon carbide, 
silicon nitride and zirconia are widely applied in precision 
engineering components due to their excellent mechanical, 
chemical, and thermal properties [1, 2]. For the fabrication of 
engineering ceramics components, grinding performs as the 
last critical step to accomplish the final surface roughness and 
geometrical accuracy [3]. During the precision grinding of 
engineering ceramics, severe grain dislodgement and wear 
occurs throughout the process, which causes the profile errors
on the wheels surface and induces inaccuracies of the ground 
workpiece geometry [4].
Due to their extraordinary flexibility and capability, the 
electroplated diamond wheels are always used in the grinding 
of engineering ceramics [5, 6]. To guarantee both surface 
roughness and profile accuracy, the electroplated wheels must 
be designed to provide sufficient grain protrusion and micro-
bonding force as in Fig. 1(a). However, designing a ‘good’ 
wheel still relies on heuristic experience in current industrial 
practice. The difficulty lies in the optimization of the bond 
layer thickness. In order to maximize the micro-bonding force, 
the electroplated layer thickness has to be increased as in Fig. 
1(c), which in consequence decreases the grain protrusion as 
well as the chip clearance space as in Fig. 1(b). Therefore, the 
value of bond layer thickness must fall into the appropriate 
© 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
Peer-review under responsibility of the International Scientifi c Committee of the “15th Conference on Modelling of Machining Operations
364   Geng Zhi et al. /  Procedia CIRP  31 ( 2015 )  363 – 368 
range which ensures both the grain protrusion and sufficient 
bonding force. 
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Fig. 1. (a) appropriate bond thickness; (b) insufficient bonding force; (c) 
insufficient protrusion height. 
In this paper, the digital grinding wheel model is developed 
to predict the grain protrusion condition and grain micro-
bonding force as a function of the bond layer thickness 
considering the diamond shape, grain size, and size 
distribution. The digital grinding wheel model (Fig. 2) 
combines the wheel topography model and micro-bonding 
force model. Therefore, the optimal bond layer thickness 
range can be determined quantitatively, which ensures both 
micro-bonding force and grain protrusion. Further grinding 
experiments are conducted with the optimized wheel for 
engineering ceramics grinding, which proves the efficacy of 
the model in the development of dislodgement free wheel for 
alumina engineering ceramics. 
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Fig. 2. the framework of dislodgement free wheel development. 
2. Modeling algorithm for single layer wheel surface 
topography
The correlation of bond layer thickness with respect to the 
grain protrusion condition can be carried out by both 
measurement and virtual wheel model [7]. In this research, the 
analysis of the grain protrusion condition is accomplished 
based on a previous virtual grinding wheel model [8]. The 
methodology (Fig. 3) of the wheel model is to utilize 
mathematical methods to duplicate each wheel fabrication 
step, including grain generation, grain planting, and 
electroplating as in Fig. 3. Not only the composition of wheel, 
such as grain size, grain size distribution, grain shape, and 
electroplated layer thickness, but also the mechanics of grain 
close packing throughout the wheel surface are taken into 
consideration in the model. Fig. 4 describes the close packing 
algorithm for single layer diamond wheel surface topography
simulation. At the beginning, 1 hexa-decagon diamond grain 
is generated at a random position with its dimension 
complying with the grain size distribution as in Fig. 4(a). 
Then, the grain starts to move downward toward existing 
grains until it comes into contact with 1 existing grain and 
begins to roll along the contact point as in Fig. 4(b). Finally, 
the grain rolling stops when it comes into contact with another 
grain, forming stable support as in Fig. 4(c). The procedure 
continues until there is no space for grain packing, and 
achieves the ultimate dense packing on the wheel hub. 
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Fig. 3. simulation procedure of wheel topography model. 
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Fig. 4. (a) generation of 1 hexa-dacagon grain at random initial position; (b) 
grain falling down and contacting with 1 existing grain; (c) grain rolling and 
contacting with another grain at stabilization position. 
Fig. 5 provides the comparison of the measurement and the 
modeled wheel surface topography for the diamond wheels. 
Fig. 5(b) is the measurement from the electroplated diamond 
(80/100) wheel (grain shape as in Fig. 5(a)). Fig. 5(c) is the 
modeled diamond wheel surface. The comparison of the 
modeled wheel with the measurement results exhibits 
impressive resemblance. 
Fig. 5. (a) diamond grain; (b) measured wheel; (c) modeled wheel. 
Apart from the direct visual comparison, the protrusion 
height values are compared for both simulation and 
measurement results. The protrusion height conditions are 
measured and simulated for diamond wheels with grain size at 
341.2μm, 213.8μm, and 138.2μm, respectively. The wheel 
a
b
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surface is measured by the white light microscope Keyence 
VK-X100, and the cross-section is taken from the peak of the 
measured grit as in Fig. 6(a). The differences between the 
peak and bottom in the cross-section profile relates to the 
protrusion height of the grain as indicated in Fig. 6(b). The 
comparison of the grain protrusion height distribution is 
provided in Fig. 7. It indicates that the average value and 
distribution range of grain protrusion of simulation and 
measurement are close with about 5% in difference.  
Fig. 6. (a) wheel topography measurement; (b) grain protrusion height 
measurement. 
Fig. 7. comparison of grain protrusion height in measurement and simulation. 
3. Modeling algorithm for micro-bonding force of single 
grain
During grinding, the micro-bonding force is defined as 
maximum force that holds the grain in position by bond layer 
to overcome the micro-cutting force. The micro-bonding force 
of an individual grain is influenced by the grain orientation, 
bond thickness, and bond mechanical property. To establish 
the comprehensive correlation of the micro-bonding force 
with the grain orientation and bond thickness, a finite element 
model is developed for the bond-grain interface in Fig. 8.
Additionally a single grain break-off test is developed to 
testify the accuracy of the micro-bonding force model.  
In the finite element model, the dimension and orientation 
of the diamond grain is measured with a Keyence VHX-500F 
microscope, and the elastic modulus and yield strength of the 
bond is measured utilizing a MTS XP nano-indentation tester. 
The experimental setup of single grain break-off test is shown 
in Fig. 9 and Fig. 10. To measure the micro-bonding force, 1 
diamond grain is placed on top of a grain holder and then 
bonded by the electroplated Ni-Co alloy with a specified 
thicknesses as in Fig. 9.The single grain tool is then placed on 
a NC controlled lathe for external inclined thread turning test 
as in Fig. 10(a). In fig. 10(b), the red curve shows the tool 
infeed process as the cutting depth increases from 0 to 15μm
during the test. The green curve shows the measured bonding 
force which is equivalent to the maximum cutting force when 
the grain breaks off of the grain holder. 
  
F
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Fig. 8. (a) FEM model; (b) solving result of FEM model. 
Fig. 9. (a) diamond grain; (b) grain holder; (c) single grain insert.
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Fig. 10. (a) test schematic diagram; (b) force signal during tool movement.
In order to ensure sufficient accuracy during the cutting 
process, a high precision numerical controlled lathe with an
accuracy of 2μm is applied as in Fig. 11(a). The single grain 
cutting tool is mounted on top of a dynamometer platform 
(Kistler 9265B) which provides an accuracy of 0.01N. The 
relevant force components are shown in Fig. 11(a), whereas 
Fy is dependent on the feed and has thus been significantly 
lower than Fx and Fz. As the abrupt drop of the cutting force is 
observed, the micro-bonding force can be derived by 
subtracting the idle force from the peak force as in Fig. 11(b). 
The comparison of the dislodgement phenomenon in 
simulation and experiments in Fig. 12 indicates that the grain 
dislodgement occurs due to the bond material failure at the 
corner of the grain-bond interface. 
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Fig. 11. (a) practical test platform; (b) recorded bonding force signal.
 
Fig.12. (a) simulated grain dislodgement; (b) measured grain dislodgement. 
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To verify the finite element model, experiments with bond 
layer thicknesses of 100μm, 150μm, 200μm, and 250μm are 
conducted to compare with the simulation results, 
respectively. The comparison of the simulation and 
experimental results is given in Fig. 13, which indicates 
sufficient accuracy of the model with an average error of 
15%. 
Table 1. Simulation parameters for wheel optimization design. 
Sample 1 Sample 2 Sample 3 Sample 4
Grain orientation 
angle 5e 10e 55e 0e
Bond layer 
thickness 50μm 100μm 150μm 200μm
Bond elastic 
modulus 169.62GPa
Bond yield 
strength 356.32MPa
Grain size 275μm Grain shape Truncated pyramid
Fig. 13. bonding force comparison of simulations and experiments. 
4. Development of dislodgement free grinding wheel
To develop the dislodgement free grinding wheel for 
engineering ceramic grinding processes, the design of bond 
layer thickness must meet the following requirements: 1) the 
minimum bonding force for all grains must exceed its possible 
maximum micro-cutting force (Equation 1), and 2) the 
protrusion height of all grains must be larger than 0 (Equation 
2). Typically, the micro-cutting force of any a grain ranges 
from 0N to 5N [9]. Therefore, Fc(Gi) can be equal to 5N to 
satisfy the micro-bonding force boundary. 
)()( icib GFGF !      (1)
0)( !iGh      (2)
In this paper, the #375 diamond grains (nominal diameter 
47μm) with 3.6μm standard deviation are chosen as the 
abrasive material for the grinding wheels. The shape of the 
grain is hexa-decagon, which consists of 6 square faces and 
12 hexagon faces. To identify the optimal range for bond 
thickness values, the simulation is carried out for 17, 24, 31, 
38μm, respectively. The bond layer material is Ni-Co alloy 
with 3:1 in atom ratio. Table 2 shows the simulation 
parameters for both wheel topography model and bonding 
force model. 
Table 2. Simulation parameters for wheel optimization design. 
Abrasive material Diamond Bond material Ni-Co alloy
Nominal diameter 47μm Elastic modulus 169.62 GPa
Grain size deviation 3.6μm Yield strength 356.32 MPa
Wheel dimension Φ6mmh10mm Bond thickness 17, 24, 31, 38μm
Fig. 14 describes the protrusion height variation along 
different bond thickness values. For each bond thickness 
value, the maximum and minimum protrusion height value is 
derived from the simulation. It can be found clearly that when 
the bond thickness value equals 33μm, diamond grains start to 
get buried under the bond layer. This indicates too much bond 
material on the wheel hub causing insufficient number of 
grains to remove the workpiece material during grinding. 
Therefore, the maximum bond thickness value to ensure 
complete grain protrusion can be deduced as 33μm. 
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Fig. 14. determination of maximum bond thickness. 
To synthesize the micro-bonding force range over a span 
of bond layer thickness values, the Response Surface 
Methodology (RSM) is used to study the potential influence 
of multiple input variables on performance measures or 
quality characteristic of a process [10]. Therefore the desired 
output measures (micro-bonding force) can be represented as 
a function of the input process parameters (grain orientation, 
and bond layer thickness) by a polynomial function as 
indicated in Equation 3. The function that consists of the 
process parameters is called a response surface. Usually, a 
second order model, as indicated in Equation 4, is used to give 
the polynomial approximation of second degree for all the 
predictor variables. Among all the predictor variables, the OA
and TOB are the orientation angle of the grain and the 
thickness of the bond layer, Fbonding is the bonding force for 
the correspondent condition. For the model regression 
procedure, the method of least squares is employed, which 
gives the least of the sum of squares function as indicated in 
Equation 5. For any given choice of the parameters in B, there 
will be a specific value of S(θ). The minimizing choice of S(θ)
is called the least-squares estimate, which gives the least error 
for the model building. 
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Where, OA is the orientation angle, TOB is the thickness of 
the bond layer. 
To generate sufficient data for the response surface, a 4 by 
5 full factor simulation is conducted. Considering the 
symmetrical property of the grain, the orientation angle is 
selected as 0, 16, 30, 45, and 60 degrees, respectively; and the 
bond layer thicknesses are chosen as 17, 24, 31, 38μm, which 
covers from 36.2% to 80.9% of nominal grain diameter. The 
simulation results for all conditions are given in Table 3. And 
the regressed model is described in Equation 6. Therefore, for 
each bond thickness value, the maximum bonding force and 
minimum bonding force can be calculated based on the 
regressed equation. By lining all maximum and minimum 
bonding force, the region provides the micro-bonding force 
span over a wide range of bond layer thickness values.  
By setting up 5N as the cut-off value for the minimum 
bonding force, it can be deduced that the minimum bond layer 
thickness must exceed 24μm to eliminate the possibility of 
grain dislodgement during grinding processes as in Fig. 15. 
Table 3. The simulation parameter and simulated bonding force. 
Bonding Force (N)
Thickness of bond (mm)
0.10 0.15 0.20 0.25
Orientation 
angle
(rad)
0.00 34.41 36.93 37.84 44.73
0.26 39.67 55.61 56.34 58.11
0.52 42.55 53.89 62.78 67.26
0.79 48.89 52.06 52.46 54.42
1.05 28.14 39.43 46.27 48.07
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Fig. 15. determination of bond layer thickness range. 
The study of the grain protrusion condition and micro-
bonding force variation as a function of the bond layer 
thickness value shed light on the optimal design parameters 
for electroplated diamond wheels. To ensure 100% grain 
protrusion out of the bond material, the bond thickness must 
not exceed 33μm; while to overcome the micro-cutting force 
in grinding processes, the bond thickness value must be no 
less than 24μm. By superimposing the 2 ranges in Fig. 16, the 
optimal range for the bond layer thickness can be determined 
as between 24μm and 33μm. 
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5. Experimental verification
To verify the efficacy of the wheel optimal design method, 
wheels with 3 different bond thicknesses are made for 
grinding tests with parameters specified in Table 4. And 3 
wheels are made for each bond thickness value. According to 
the findings in part 4, wheel C with 37μm bond thickness 
should not have 100% grain protrusion, and wheel A with 
21μm bond thickness should not provide sufficient enough 
micro-bonding force. Meanwhile, wheel B with 30μm bond 
thickness should exhibit the best overall performance in terms 
of grain protrusion and free-dislodgement.  
Table 4. Test parameters for wheel optimal design. 
Abrasive 
material Diamond Grain size #375
Grain diameter 47μm Size distribution 3.6μm
Bond thickness Wheel A: 21μm; Wheel B: 30μm; Wheel C: 37μm
The workpiece material is an alumina engineering 
ceramics with Mohr’s hardness at 9. The surface grinding 
process parameters are described in Table 5. And workpiece 
the surface roughness and final wheel surface condition are 
measured to characterize the grinding quality.
Table 5. Surface grinding test parameters. 
Wheel dimension Φ6mmh10mm Spindle speed 38000rpm
Grinding speed 16m/s Feed rate 500mm/min
Grinding depth 20μm Grinding width 6mm
Workpiece 
material Alumina
Workpiece 
hardness 9Mohr’s
                        
Fig. 17. (a) grinding machine; (b) grinding wheels; (c) vertical surface 
grinding test. 
a b c
(6)
(5)
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Before grinding, the wheel surface topographies are 
measured and simulated to reveal the grain protrusion 
conditions for wheel B, and wheel C in Fig. 18. The grain 
protrusion for wheel B in Fig. 18(a) and Fig. 18(b) reveals 
that all grains are protruding out of the bond material; while 
the grain protrusion for wheel C in Fig. 18(c) and Fig. 18(d) 
reveals that some grains are buried into the bond material due
to excessive bond thickness.  
Fig. 18. (a) measured topography of wheel B; (b) simulated topography of 
wheel B; (c) measured topography of wheel C; (d) simulated topography of 
wheel C. 
Fig. 19 describes the workpiece surface roughness 
generated by 3 different grinding wheels. The wheel with 
30μm bond thickness generates the best surface quality 
without any grain dislodgement occurrence. Meanwhile, the 
grain dislodgement phenomenon can be observed clearly for 
the wheel with 21μm bond thickness. Although there is no 
grain dislodgement on the wheel with 37μm bond thickness 
close to the grain size of 47μm, the surface roughness shows a 
large value due to the insufficient grain protrusion height. 
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Fig. 19. grinding quality at wheels with various bond layer thicknesses. 
6. Conclusions 
In the research, a method for digital design of electroplated 
superabrasive grinding wheel is developed. From this research 
the following conclusions can be drawn. (1) The digital 
grinding wheel design method is capable of correlating the 
critical wheel design parameters (e.g. grain size, size 
distribution, bond thickness, etc.) with the wheel properties 
(e.g. grain protrusion condition, micro-bonding force). (2) 
This research establishes the comprehensive correlation for 
bond thickness with grain protrusion, and micro-bonding 
force. The optimal bonding layer thickness range is identified 
as 24μm to 33μm for diamond wheels of #375 with 3.6μm
size distribution. (3) The efficacy of the digital grinding wheel 
design method is proved by grinding experiments of alumina 
engineering ceramics.
Acknowledgements 
The research is financially supported by the National 
Science Foundation of China (NSFC: E51305229), and 
NSAF: U1430116. The authors would also like to thank the 
technical support from Shenzhen Changxing Technology Co. 
Ltd, China. 
References
[1] Malkin S, Hwang T.W. Grinding mechanisms for ceramics. CIRP Ann-
Manuf Techn 1996; 45: 569-580. 
[2] Ohnishi O. Handbook of ceramics grinding and polishing: chapter 4 - 
grinding. Oxford: William Andrew Publishing; 2015. 
[3] Suzuki H, Okada M, Fujii K, Matsui S, Yamagata Y. Development of 
micro milling tool made of single crystalline diamondfor ceramic cutting. 
CIRP Ann-Manuf Techn 2013; 62: 59-62.
[4] Rabiey M, Jochum N, Kuster F. High performance grinding of zirconium 
oxide (ZrO2) using hybrid bond diamondtools. CIRP Ann-Manuf Techn 
2013; 62: 343-346. 
[5] Zhao Q, Guo B. Ultra-precision grinding of optical glasses using mono-
layer nickelelectroplated coarse-grained diamond wheels. Part 2: 
Investigationof profile and surface grinding. Precis Eng 2015: 39: 67-78. 
[6] Zhang B, Howes T.D. Material-removal mechanisms in grinding ceramics. 
CIRP Ann-Manuf Techn 1994; 43: 305-308. 
[7] Doman D.A, Warkentin A, Bauer R. A survey of recentgrinding wheel 
topography models. Int J Mach Tool Manu 2006; 46: 343-352.
[8] Li X, Wolf S, Zhi G, Rong Y. The modelling and experimental 
verification of the grinding wheel topographical properties based on the 
‘through-the-process’ method. Int J Adv Manuf Tech 2014; 70: 649-659. 
[9] Cao J, Wu Y, Lu D, Fujimoto M, Nomura M. Material removal behaviour 
in ultrasonic-assisted scratching of SiC ceramics with a single diamond 
tool. Int J Mach Tool Manu 2014; 79: 49-61. 
[10] Box G, Draper N. Empirical model-building and response surfaces. New 
Jersey: John Wiley & Sons; 1987. 
a b
c d
Grain buried
in bond
Grain buried
in bond
